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BB S I AN 4 R S A E K (comple-
mentary metal oxide semiconductor, CMOS) T.
A2, HoRA Pt, Au, Ir 5 & Jm 4 1 H
W T 2858 2% HoiAS v 12 PRt AR TR 7—
28 nm T2 ZhASHHLF N (dynamic random
access memory, DRAMs) FIINATE, F5EkH FL4k i
FrAifi a0 & G, HRTTISRR KT 100 nm 1
PRRTZL

SRR (HEO,) HL4k i v fIF e oAy 58 i R i
REMSAT AL G AL R Bk LA RS CMOS A4
FNZHAJEERE T 2k HL R SZ BRAF )R, (5 HEO, KLk
HL B RL R 24 1T 8 I 5T AR 168 HEO, A &t
HUH R (,~25) MITEHT L (E;~5-—6 eV) S5,
FRAE N A ﬁ‘—’ﬁ%ﬁﬂ PR
JE-SA - R RON F RS (metal oxide sem-
iconductor field effect transistor, MOSFETs) H
1 Si0, 48 2% 2 -1 § 2011 4F Boscke 55 B 7£
10 nm J& 9 Hf, ,Si,0, (z = 0.026—0.04) 7 5
RINBRAAELE, =8 1 TV 205584 HIO,
SE IR BR M, (AR OT R B AR AR | S | BB
PP AN A A A Ty 1 A (218,

WE 1R, BT AR RO Bk | Rk
HLURI TR HLPE R, FEO, JEER AL ATRERT LA 32 1 21

HMEREES

B 1 HEO, e BT LLAEA LS i Bl TR v L R
B AR L, TEAR 2 AR A Tz 1 T TS

Fig. 1. HfO, based films exhibit excellent ferroelectric,
piezoelectric, dielectric, antiferroelectric and pyroelectric
properties, so they have wide application prospects in many
fields.
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ML AR E L SIS L D5 AR M F A Akl
G A 048, HE) Zr O, WIETEE Zr 554
N HEA RN, HE, ALO, /20l HE, Si, 0,
W HA ISR SRR, s S L ) ik AL LT
290, AT AR A RERCR. R, BT R gk, HEO,
FEERHRLAT LS H T BE S A4 A A S J0 55 T
T 20220 Ak, HEO, JEEK A BHE e F 4t B AT
N AT B0 20 nm B HE, Si,0, HEEAESM
e T BB KNS, ITTIK S i K g a1k,
AT AN T BE AR B AOKAI L R eI E Je s 2 29,

AL F &G A

WE 2 fras, HEO, ) AH 2548 32 224 M RHA
(m AH) . PUT7HH (¢ #H) . S2 548 (c #H) . IE3CHH (o 4H)
FIZETTAH (v A1), Forb oIIL AT ¢ J& 2k i AH 1524260,
HfO, M350 m A1 (B 2(a)), HasE#EN P2, /c,
A AR A X E . m AHAE 1770 °C BFEAR
S [ BE R Py/nme 1Y ¢ A0 (B 2(b)), t HA 5
HfO,, FE I s A7 S gk v 19, ¢ AHAE 2550 °C LA
LFEAR Sy 48 (K 2(c)), HZSRIHER Fmml42 1
22 ol # (&l 2(d), Pbca) FIEAE oll Ml (Pnma) J&
HLO X AR AERCEAE, B4 BIE R 1 4 GPa
F114.5 GPa 41F T RaE 4 L.
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AH. oITL AH H DU 5 T T0U A 1) HLES PH B8 R0 DU 4R ]
B O BB T4k, O BIES T el B Fiz
3, FHO> M HE 5T ¢ 3y ) B 1E G g
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2 oIl AH. ke AH T LUET Z R ok T, iR
B BT AR T RERON, 2529, AT, Wei %5 1201
BB THE Lag 751 sMnO;/SrTiO; FEJE Bkl
BOEUILA (pulsed laser deposition, PLD) il £ [
HINE I AR () HE 57 504 ER B, 20 = 27.13°
) X S AT SR IR 28748 (v 4, R3m) 4k
i A . Nukala 25 B0 % P HE, -Zr, 5O, 18 % 1 3L [7]
FEAE v A5 oITT AH M R4k Fa .
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Fig. 2. Crystal structures of HfO, with (a) m phase, (b) t phase, (c) ¢ phase, (d) ol phasel!, olll phase with (e) downward polariza-
tion and (f) upward polarization; (g) free energy curve of Hf5Zr);0, films; (h) phase diagrams of HfjsZr; 50, films with different

grain sizes at different temperatures®; (i) phase evolution during Hfy g3Y( 070, heat treatment (%,

WK 2(g) B A B BB Z TR, oIl AHTE i
T HHEAERI, BE TR, kS
FAEZ AT Y RTBFIE B Materlik 45 21
R A 25 B2z R THA., A a5 HEO, WY
T RET] DALk olIT gk HAH YA 2R . TEBCA N
FIEDBL T, 10 nm [ HFO, MR EA K AF AR PE,
U9 5 EL BE N F 14 nm DA B, 4 H PR TS
Park 55 B fSCB i BAT SR 4R i R T
JZUTUH (atomic layer deposition, ALD) %7 TiN/
Si HENE bl 95 1, Zr, O W, W 9.2—
29.2 nm, SLEGLEIR T, HE) 5771 430, 415014 2P,
HAK, MR T 24.2 nm B, FIAH LR
P, 8N, Batra 45 B2 5@ 13 11430 & I AR A
PIFRAE oIl AH.

BESS , WFFEN DA T AR A AR 0 b A ] 3 22
BN ) A X ] DL RS HEO, TR A AH AL KL
Park %5 33 3l o i 5% 9.2 nm B ) Hf, ;Zr, ;0, 1
R, S BN I A 485 f VA E R AR AR i R v T

FIFEA R34, & 2(h) J&AS ] Sk RS A
Hfy 5Zrg 50 #BEAEA [ EE N (AR IR, Horb Hi 5
Zrg 50, WRRDURRBE AR A, IR = 3 600 C
B, ¢ AHE A B REIIN, SO& S ¢ AH B L m A
F oIl A5G, #£ 600 °C iRk 1 min J5, Hf, 5Zr, 50,
RS o S IR AR, R m AR B I 2R R E
AH. Park 45 B4 i i AHAR BRI T L PR, ¢ AHFT m
AHI R & 223262 meV /i, EATZ EIXELL
RAEFAZE; ¢ AHAT oIIT AHI#42 22—31 meV /i
Ja, PRt ¢ AHA AT eSS A8 A ol AH. M ¢t AHM m
AHE AR SR AR, T T ARAE , AR ORI
PRI E] A% AR ST, A RS AGE R M
AHAR B RERZ) T, ¢ AHARRIBAIE B m AH. P A
FE AL BRI T], BERE AN ¢ AHE] m AHRYFEAE, {2
iE oIIT AH I AR 129,

Mimura %5 B ] PLD $AR7E (111)ITO/(111)
YSZ (B EALES) i bR AE K T EE N
15 nm 1 Hfg g3Y 070, WAL, QNIEL 2(1) s, 4
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FECH AL R BE AR T 600 °C B, TTRR 1) Vi —
m A T S AL B IR B TE 600—950 °C B, F5Y
m FAEAS R ¢ A, MRS H 2 = REHE 8 m A7
oII AHIIRA Y, M IAE IR K F 950 °C B, 49
URAFAERY m AHSE 25 A8 0 ¢ A1, SRJG 5578 olll
AH. PR, i B B R Y B ) 2 AR vT LA
t FHFGAE A olTL A, REASHS B ARAS S0 AR Y HEO,
L. XS ZE R R A ) AL T R
HRAEMSAEHE HE) 71, O, WA oI AHj" 4.

3 HIO, 33 fi 4% v pE i 45

3.1 TTEBHRMEREEE

IR BIMAE S R A BB Z AR AT LITE HEO, B
WA R oIl BRFLAH, £ 1L T ARG R
AR & BB AR HIO, Heui Il S H Ak L PERE (3 1
/1 physical vapor deposition, PVD BI4# < 17T
1 plasma enhanced atomic layer deposition sy-
stem, PEALD /455 14 55 J7 )2 UL chem-
ical solution deposition, CSD R fb 2% %5 W UL AR ).
GIRBIOTR AR R TER/NTEOCT ]HE Ji2k
BRITTER. R R B/ NB 25 ] LLsl ) HEO,
B 2 JR -SRI SS M A B, B
B PR R L. 24 HEO, B 48 2% 5 2k
FREOR, 4 Jm- A B S, B XS FR PR
5, (il HEO, HEWIB ™ A= Bk UM, Mueller 45 20

it ALD R & 1T M/Hf ,A1LO,y 5 (16 nm)/
TiN(12 nm)/Si 514 ik AL 28 2%, o MR SR
A Pt sk Pt/TiN, JE0FIE T 15 2% i % 1
GEM R A PERE RS X BHRAT ST (Xoray diff-
raction, XRD) FIAHXS /i HLHEL (e,) T AYZE R R
Wi, BEE AL 3, HE AL O, AR A AT
M m AHE olll A, f/5 3 ¢ AHEYAHAE. X4 Hf, Al
Oy 5 T Al B ELE 3.1 mol%—11.4 mol% i F
P, SRA TR P AL

5 Hfl—z‘A1$O2—§ %ﬂﬁ%{u, Hfl,IZrIOrZ @Hﬁ‘[ﬂ
A ARARL B 45 R R R T S R D041 PR Ze B
55 Hf (Y ICRR BRI H HE, Zr,0, A BAKM 1L
W, FTLL Zr —MARA RS I8t R . Midl-
ler % MR F ALD J7 4l % 7 W/TiN(10 nm)/
Hf, ,Zr,05(9 nm)/TiN(10 nm)/Si 45 ¥4 i) B 25 &% ,
F A B HL 1L (P-E) TEIRFSE T A Zr It
FE B a1y Zr, O, W b 2 e PR s 2k i 1
FISZI. WA 3(a) BI7R, BEE Zr & i3gm, HE, 5
Zr 50, 2 B R APk i, 3L P 35 5]
17 uC/em?; 4 Zr FhEdE— L8N, 18 HE, 37r, ;04
W R R SR, HE Zr Oy WEIRAE 10 kHz
TR e, B Ze SRS I, m AR
) e, ~ 25, olIl ZRHLAHIY e, ~ 30, t FHIY &, ~ 3511920,
Park 5 W JE400F 5% T HE,Zr, Oy BB FIA,
i AR HE 2,0, W HE/Ze (1 L DL K
R B, B A5 3 T A28 1 oIl £k FLAH . 3 4b,

F1 WL HIO, SERR AL MR A ] £ AR F AN ER L PERE LS

Table 1.  Summary of preparation conditions and ferroelectric properties of common HfO,-based ferroelectric films.
Bi B LRy U RS ORI A W37/ 2P,/ 2E,/ WAl B
TR OWE - Jrik B /nm JE/C (MV-cm™) (uC'm?2) (MV-cm™) K% /cycle
SiP71 4.4 mol%  TiN/Si:HfO,/TiN  ALD 9 N/A 800 °C, N? 4.5 48 1.74 N/A
. : . 10* at
[38] 0 . 2 5
Zr 50 at% W/Zr:H{O,/W ALD 10 250 700 C, N2 55 3.5 65 2.4 3.0 MV cm!
Y& 52mol%  TiN/Y:HfO,/TiN ALD 10 N/A 600 C, N2, 20 s 4.5 48 2.4 N/A
\ 10° at
(9] TaN :HfO,/TaN , N2 E —
Gd®) 3.4 cat% TaN/Gd:HIO,/TaN  ALD 10 300 800 C,N% 20 70 N/A 0 MV em?
. . \ 105 at
[40] % TiN/ALHf , N2 .
Al4 6.4 mol% W/TiN/ 0,/Si  ALD 10 280 700 °C, N2, 10 s 8 100 9.5 8.0 MV cm !
. . . 5x10°
altl 10. %  TiN/La:HfO,/TiN , N2 . .
Lal*! 10.0 cat% iN/La:HfO,/Ti ALD 12 280 800 °C, N2 20 s 4.5 55 2.8 at 4 MV cm !
. . . 105 at
[42] 9 : , N2,20 s . ~ 3.
Sr? 9.9 mol%  TiN/Sr:HfO,/TiN  ALD 10 300 800 C, N2, 20 s 3.5 46 3.2 3.0 MV cm !
. . 107 at
(3] 0 a .
Ta 16 at% Pt/Ta:HfO,/Pt/Ti  PVD 60 500 No anneal 1.25 106 1.6 0.8 MV cm !
k5 . . >10% at
sl N/A TiN/HfO,/TiN PEALD 8 N/A 600 C, Ar, 30 s 3.125 26 2.4 9.5 MV cm!
Xif AR 149] Pb(Zry53Tip47)03 PLD 500 650 65?50(;11’132’ N/A 151 0.14 1x1010
16 . . 109 at
3 A (46] . 2
it HE BiFeO4 CSD 525 N/A 650 C, N N/A 142 1.0 0.4 MV cm !
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Hf, ,Si,0,45-50 Fl Hf) La, O, WA 52-54 40,
FEAE 5 HE Zr,0, WA L1 4172 523 B2 . HEO,
B I gk v I B I AR P, AR R A R A
fb P, H 2.0 mol% La #2441 W/TiN(20 nm)/
Hf, 49Lag 92219 4902(10 nm)/TiN(20 nm)/SiO,
(100 nm)/Si M ELAE 49 J/cm® Ay i it AE 25 BE AN
70% HIFERERCR, AT EE N TR A s oo,
Miiller 25 28 3@ 5= ALD il % M/Hf, ,Y,0, s
(10 nm)/TiN(18 nm)/Si ¥ BEHAFIE T Y B 220k
FEXT HE, Y, 0, 5 WEPERERSZ W, H Y 845
JEFEIM 2.3 mol%—12.3 mol%, M 437>k Pt Fl Pt/
TiN(4 nm). W& 3(b) Frzn, HE, Y, 0, 5 WKL T
DURF IR K (post-deposition anneal, PDA) #4b
M2 E, gk rkgem Bk a#y HE, Zr,0, 28
o1, BEE B AR EE BN P e RSN, (B Y
B2 PAEHFEAR, X 5T TIN R )
IR A S0, Y B2 5.2 mol% I, Hij s
Y.05209 W RE ) P AT 2] 24 uC/em? 4 Y 1)

B 12.3 mol% I, Hiy ¢- Y 1030, TR P,
TFRERIEGE . R, EX AR A B
R HL- S R FL AR AR

HIO, S it SBR M i FERfE
FF G RZ A EFVNRR. B TBA5 S Hf
BB, LB AR 4R R T 5%
JRFZ B BN, BB A5 1) HEO, LA
) R AR 25 R X R K A el AR 708, ] 3(c) T,
TERZHEN T, °Hf, ,A,0, (A = Si, Al, Y, Gd,
La 5§ Sr) £kH IS & TR B 248N 3 mol%—
6 mol%, H P H —MAE 15—25 pC/cm? *f
TR/ T HE B2 058 % AR m3Ba
Bl (4n: Al, 0—10 mol%; Si, 2 mol%—5 mol%).
FERBZRIE LT, HEO, JLHIEH n] H BURRE 1Y ¢ AH
B N N/ e LI 190 i s ¥ 2oy N el £ L O 2 2/
Y1 (40'Y, La, Sr, Gd), 2% 830 [l w54, FLk
FB IR BE (O 3E N, Rl LLWLZEE] A m A E oIIT AH,
T2 ¢ AHEYARAS SRR, BN, H, La,0, £ La

(a) HfO, Hfo 7219302  Hfo6Zr0.4O02  Hfo5Zr0502  Hfp3%10.702 ZrO,
30
[ -
g 15
(.; 0 /
E —15F
_30|
50 | ~
& 40 Y d 2, / ’(Ab_
g
30 | - - %\ 7
—_— L4
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
—4-20 2 4+4-20 2 £4—-20 2 £#4—-20 2 +#4—-20 2 +4—-20 2 4
Electric field/(MV-cm~1)
(b) 50
PMA
N Vi ﬁ “
—~ 0
: / ~Yor
§ a5l X
@) o
= 2.3 mol% g
~ 0y ~
< 150 - , Z:.g mo%;&. 3
2 PDA o2 mot 2
b= 12.3 mol% =
8 o5t 3
= =l
S 3
[aF 0 8-'
(@)
_o5L
1 kHz
—50 1 ! 1 1
—4 -2 0 2 4 60 80 100 120
Bias/V Crystal radius/pm

E 3
Sr) MR [ P, {EFE S AR R A 45844 B AR AL I S {28 & 09

(a) Hf_Zr,0, L (%) P-EF e-E #h £k 19); (b) Hf, Y, 0, s ML P-V £k 29 (c) Hf,_,A,0, (A = Si, Al, Y, Gd, La %

Fig. 3. (a) P-E and ¢-F curve of Hf, Zr,0, films['; (b) P-V curves of Hf; ,Y,0, s films; (c) contour plot of the P, of Hf, ,A O,
(A = Si, Al, Y, Gd, La and Sr) as a function of crystal radius and dopant content!'*.
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FHPE T E2 R m M, (HREE La AR,
m AHZ3 (8] oIl AHFI ¢ MHFE7E. Schenk 55 42 B 5G]
ALD #4147 Pt(50 nm)TiN(12 nm)/Hf,_,Sr,0,
(10 nm) /TiN(10 nm)/Si # A&, SrO B4k [
A 0—22 mol%, 7 SrO B2 E R 9.9 mol% K
EBRE P AE (23 nC/em?). HF Sr fERK
K (200 pm), FECHS, Sr, O, WA B EE
il HEO, AR R KIFZ. J734h, Balb¥ Calt)l Gdl616?)
A Lulo) %50 2 AETE HEO, FEM i 5 2k
CERE

bk Lk & @B, E&RBAITR N, C,
H 45 3 BB (15 HEO, Hk i 58 v = A £ vy 1 (64-061,
Kim %5 0 314 ALD #ill4% Pt(30 nm)/TiN(5 nm)/
HfO,(9 nm)/TiN(50 nm)/Ti(5 nm)/SiOy(100 nm)/
Si WA, B9 T ORI E X 4 HEO, ARk FL PR 1
SN, 7E 220 C BTTBIREET, HIO, Wi H AT 42
SRR FLPE . BRHL R R 7 A R Oy HEO, v ) 25
R, TR AN 20, S BOER A
FRARBRAB 2% . BRARBK ARSI ] HEO, T kL A A
A AR Rk ol IT AHAIE AR, HUTRR
THEE] 240 °C B m i, B AR B B BRIB A
SRR, HEO, MNP EAT A E.

AR O IR TR SR, FHE
T A AR KT HE 57 5O, TR AR HL M R 52 1.
Park %5100 j@iid ALD 4§ M /Hf, 571 505(10 nm)/
TiN/Si # 5, Hod M Ry L HE A Pt(80 nm) 5% Pt
(60 nm)/TiN(20 nm), RHAFRHEMT Hf, 571, 50,
WIRATE Hy R T IB K Z 5, Hfj 521, 50, 3 5 1Y
P, {EWEA T . L4k, Oh %5 67 & Bl ad &k H,
B, HYB AR A ] LIS HE, AL O, 5 1
JEEAY AL R Bk, b SRR PR A R 107 AT
R BT 100 AR, B a] WS R Hy iR AT
PI4ER W/HE AL O,y s (15 nm)/Si WM AL 55
R

AN IR HEO, S gk i Y 3222
JR R 2z —. AW & B HE Ze, Oy W, B4R
SHURT LA bRz A9 KO m AR B, AT 42
e R R BRHL M. BRI S S HE AR R
AT IA S FEEV R AXTR, 352
HIO, , IR E L P 19 th 8. Zhou 55 81 7E 2
2x2 RS AR SN, THE R BE S G AR
2357 ] ABE T m AR ) oI 1T A A% 7R AYHESR 64, a8
(LI S BEIR HEO, , HEyi B A AR 45 4 1) X FR P, il

3t FIFN oI 11 A= [ A ZR R, ¢ MRS D678y
olIl M. A 4b, #e58 5 AHA Z= R A L FIME T
HfO, M2 7 I m AR 2] olI1 AH. Xu 450
R T/ N 4B2% (0.34 mol%) i, A2 i i+
## Hf—N Al N—O S8k f20w 2 H oIl AH,
EHEE HIO, IR ERE, (Aid18 (>1 mol%)
SR EIHAL.

3.2 R AiE#EE HfO, EEEHISkE

bR T e B2 FBkBE I, W EisdnT DL
15 HEO, JEMEBE Ak LR RE. 76 ¢ AHE m AH I AH AR
JE R (R B A AR K 70, R U, SRR AT
WXt HEO, & Bt I A ALK IS, 77 BEAZ Al b oITT
FRARFEE KA m AT AL, MITTSE M S HEO, Jki
NERARZS 132, Boscke 25 Bl F1 Miiller &5 28 (40727
5K, AETC TiN AR ATE LT, HEO, AR
1) PR TIN - rAR A AR, PRt
FIFE A E R B R A A ATLBRN 77 A A
H, ATARIRRE HEO, SEHERR 4k i ol L1 AHIY H Y.

TiN )2 M T4 8 -4 4 K48 (me-
tal-insulator-metal, MIM) 45+ HfO, J& H1L 25 2% 11
il €. Lomenzo % 9 f] ALD #il#& T TiN(10 nm)/
Hf, ,Si,05(10 nm)/SiO(2 nm) /Si B 2 8%, H P, {4
=ik 22 pC/em? Kim % ™ %} TiN(45/90/180 nm)/
Hfj) 571 505(10 nm)/TiN(90 nm)/SiO5(100 nm)/
Si MRS R FLPERBHEAT TSR, 7E TIN/ Hi) 571 5
0, 1B KR FHAE K TIN _E A, MIcek . 4
Kl 4(a) Fis, AR TIN _EHRG FXT TiN/Hf, 5
Zry 50,/ TiN #F17 400 °C iR Kk, Wi EA B0 ek
Bk, P, {HM 24 nC/cm? TiN HBAERUEH SR
FROGT HE) 571 5O TIEA KN 11, T80 HE) 571 50,
RS AR SE AL o BlEAE AN ¢ B, TR T AR XS
FRAY ol 1 AH. W&l 4(b) FizR, TiN/Hf, 5Zr 50,/ TiN
HL AR P (EBE TiN b H AR SR (45—180 nm)
ST 4G . B BE TIN H A% JEE R By m, HE,
Zirg 5O, T JIEE A 7 1o A8 o B 22 30, (45 4k e
P RIMEE . Schroeder 25 14U £ ] ALD F1 PVD il
#% TiN(12 nm)/Hf,_,La,05(12 nm)/TiN(12 nm),
La B2 E 4.4 cat% 34 cat%, 115845 3| MR 1
TG PN 7 T 895K I 118 2 GPa. B TiN BB 41, TaN
A DL HEO, B4 1L 45 K T PN 5K g 77
Ta—O HEnT DAAE S X UR AR, (115 HO, 5
HH AR X PRk i 1 (72,
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0.8

§\ 45 (a) Amncaling after TE dep. '(C) Il TE/HZO/TiN c’f 30 (e)
; Annealing temp. s~ - TiN/HZO/BE r
§ 30_swc _=m77 2 06} /mzo/ E a0l
Q  15f—400C 7 / % 2 10}
= — 500 °C |, / = =
T 0 / o g 04f g 0
9 o7 / 2 2 )
s -15¢ / / A 3 107
N . N - — HZO/VO,-1
2 a9l Py O 02} 2 —20f 77— — -
2 70 =#FT HZO 10mm a0l = “izonon
£ —45¢ TiN TE 90 nm £ — HZO/0
-3 -2 -1 0 1 2 3 Ni Mo W -6 —4 -2 0 2 4 6

Electric field/(MV-cm~1) Electrode Voltage/V
&‘\ 45 [(b) Annealing after TE dep. (d) - TE/HZO/TiN & 15 | (f)
g 10 TiN TE thickness 60 Bl TiN/HZO/BE g
3] [— 45 nm s, N 3 10 |

— .

2 £ g 5 N
= S 40} = -
3 0 = 0 \VARRY/ -
= = ] 5L L -
g & 20} 8 20 Fatiguo stress M
5 7 N = —10f = -
= e ¥ HZO 10 nm = 5l samad
£ —45t Annealed at 400 °C g —~ HZO/VO,-1.67 - HZO/0

R e S 0 AP S

-3 -2 -1 0 1 2 3 Ni Mo w 100 102 10* 106 108 10
Electric field/(MV-cm~1) Electrode Cycles

B 4 (a) B AKIREHN 300—500 C B Hf) 571 50, MK P-E ili1£%; (b) TiN B R A 45—180 nm i} HE, 571, s0, WK P-E il
2R 175 (c) ANIA) HAR 19 HE) 5Zrg 5O, 19 o A0 HE G5 (d) AN ) B AR 9 H) 5Zrg 50, 19 2P, {5 ™; (e), (f) A JC VO, b LA ¥ Hiy 5Zr, 50, 15

B4 P- V7 It 2 FA ) 0 5 B v A A B S vy P17

Fig. 4. P-E curves of Hf,;Zr; 50, film at (a) 300-500 °C annealing temperatures or with (b) 45-180 nm thick TiN electrodel™. (c) o-
phase ratio and (d) 2P, of Hf ;Zr, 50, with different electrodes™. (e) P-E curves of Hfy;Zr;0, film with or without VO, top elec-
trodel™. (f) P, values of Hfy;7Zr, 50, film with or without VO, top electrode after different polarization switching cycles 7.

TE HEO, FEME W, Ni, Mo %4 J& it
Al LLERGE HEO, HEMEIE I ki ERE. Karbasian 55 7]
K ALD A1 5t 41 £ 7 M(10 nm) /Hf, 47150
(10 nm)/SiO4(2 nm)/Si, M Ky I HL B W = TiN,
WF5E 7 AN B HE, oZrg O, TR 8k B R 0
SO, R WL B Y HE oZr 50, WY P, 35
# 23 pC/em?, B T TiN N AR P,
{H 12 pC/em? N ZA = MIE I HEILH], 5 W 1E
HE R A BRI, W RS 5 9 R AILAR Y. )
A BT HE gZr0 50, HERHL R4 R . Lee 55 M
%% 1 Ni, TiN, Mo fil W i HE TE/Hf, 5Z1, 50,
(10 nm)/TiN [)_FHA AT TiN/ Hf) 5Zr; 505(10 nm)/
BE BN AR X AN 25 R Y o AR ELBIAT P, /Y
o, o TE AR T, BEAARIRHL, W
Kl 4(c) A 4(d) Fros. AR R B, R S [A] AR
(1) Hfy 571 50, HEBFRIZIY o AHELBIAT P, AN, Bt
Hh, R W BRI TE/Hf, ;71 50,5(10 nm)/TiN
L5 R A TiN /HE) 571 504(10 nm) /BE 454 34 315
T oIl M ELBIRT P . T A WA S 2
1R K ALBR. fin, W /HE, s Zr, s05(10 nm) /TiN H,
RN PAEEF] 24.1 uC/em?, TiN/HL) ;71 50,
(10 nm)/TiN L5 45 19 P, {H A 20.6 pC/cm? il
L BRAR IV IS 5 AN R R HLE 57 50 TR

HANE T, W AR IR S AR X A ™ A T R )
SR T, X FPPEREZE SRR W R A A ik &R
H(4.5x10 K 1) ko TiN FAYZREL (9.4x10 6K 1)
K, 43 W AR S S BRI ), A B T
Hf 571 504 1 oIIT AR, MR HE) 571 50,
WA R LR T A, AL e AROR R T TR A
FURK HLAR B HE) 5Zr 504 K15 1Y ol AH EL 451 F1 P,
WAKIEE. FHIRAE 230 5 TE Hi) 571 504 TIA TR
HOE AR, JC R %) A TS J2 RN %4k Fie A
AT R0, T TR HE, 571 5O, 2k H MR SR K
VEFHUN . STREARAR EE, IR HE) 571 50,
FER R RZ I BE K. AR Pt, Ir, ALFT Ru %4
JR AR A2 B 56 T, TR TR K R B
K, BT HEZr, 0, BRI LT- 84 JeRE1EH.
J38b, VO, #1 RuO, AR I LAY BhFS e Hi 5
Zr 50y W) oIIT B FLAH. WAl 4(e) FNIAL 4(f) BT
7N, Zhang %570 SR ALD #il€ T Cu/Hf, 5Zr; 50,/
TiN/SiO,/Si AR Cu/VO,/Hf 5Zr, 50,/ TiN/
Si0,/Si HLA s, HA VO, R HE) 5Zr) 50, W)
R PERERIE RS =, Bowids E, fUh 1.09 MV /cm,
P A% 18.5 nC/em?, Bki e b aid 100 Wk Bl
2 A HBUEAUUGE I, T 29 10.9%. 14k, RuO,
A LMESN HEO, BRI 1 A bY) FHIB. Goh 477
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KH ALD il T RuO,/Hf ;Zr; 505(10 nm) /RuO,
L A A, LA A Ak B % 57 OBCRT B 3 108 1K
Zhang %5 ™1 3@ 33 ALD i % StRuOs5(30 nm) /Hf, 5
Z10505/Pbylr,0,(20 nm) /YSZ # I, 7£ Pbylr,0,
JECHEAR EANER) HE, 571 5O, IR A 5—50 nm.
24 Hf, -Zro 50, MR EE R 7.5 nm, P, {H 5% 30
uC/em?; 24 Hfy 571, 50, R 30 nm B, P AEA)S
iKF] 10 pC/em?.

Hof ISR R AR A R Ty ) () DG R AL ISR
WY AR A B | Al S E UK REGES BT
FEZE 5, PR IER TR A PEREA TR A 520, Shir-
aishi % [P f{JF58 T Si, SiO, F1 CaFy #HE 7= A2 )
R JI%F Pt/HEy 5710 505(17 nm) /Pt 35 JRAER H P 11
S . B R IC I R AN, HE, 5Zr 50, ¥
S XRD 1% &l i 30° BT 5447 S e 1) B 8 1) £ 32
Fe3l). 1E CaF, #HIE B HE, 5Zr) 50, RS AH,
4 fif FHAARE ik R BRI S10, #JERHT, HE, 5Zr) 50,
Y FEETE TR PN 5K AR R B B M. B TIN H
W5 SiO, FNELE S, HTHIN IR TTHR, HE, 5210 50,
TR LA A5 A K FL

B A, (YSZ) R EAG AT T 8 A )
SERI AT HEO, BY A% H 4L (YSZ, a = 5.12 A;
0-HfO,, a = 5.24 A) 0 i 5 V5 g HFO, JEH 5 1)
HMERTIE. Li 55 B R TIN SRR, 7EA A H
a1 YSZ #HiE B4 1 AME HE, 57, 50, W,
F Hf, ;71 50,/(111)TiN/(100)YSZ i [E3Z 2] i 4
J5 W RN I, 78 (111)TiN/(100)YSZ # )ik - 4h
FEA K HE 571 50, T 25 55 1) olIL A1 (111).
Katayama % B R ] PLD # R 7E (111)Pt/TiO,/
Si0,/(100)Si F1 ITO(30 nm)/(111)YSZ LK 4=
KT Hify93Y 00709 A8 E IR . 1 T HEp 93Y 070,
(3.653 A)F1ITO (3.594 A) Z[A] Ay S A% S L LE Pt
(2.774 A) F1 HE) 3Y 0705 Z 1A i SR Bl /MR £2
TEITO/YSZ A AR HE 65Y 070, HA H i
R L.

J T AR HEO, JEE Ak P | RE
FATREVE, 22 B AT R T RSB T B A B R
45 SrTiO;. H & Si Fl Lay 3Sr; 3MnO4(LSMO)
b i 52831 Li 45 47 38 3ok GRS [F1HBCA] Y 0.7 mol%
Nb 2% SrTiO4(NSTO) #fJiE, W5 Cr(10 pm)/
Au(30 pm)/Hf 56Si.04402(1.5—15 nm) /NSTO i#
JRE 2 M B XRD 25 R 3R, HEj 95651004409
JEE AT LAFE (001)NSTO #fJi§ LAMEAE K, #HE S

HEO, HEHEAR ) B Y fi b 2 BE T LATE Bl g 2 b4
HARAS B 454, TR HE AT O 9™
FVE 3G i 1, S TR] R BE 1Y HE 0561004409 Y
P, {9 8—32 nC/em?, P, {F B MR IR BE 4% I o
SEIJE )N IR R HEy 95651004404 TERIR EE Y
SEN, R AT S U ) 8 o ) A TR A ek
/N 534, Lyu 45 B9 HiGH TAMEA: K /) P(20 nm)/
Hf}) 5Z1r(505(9 nm)/LSMO(25 nm)/SrTiO {1
P (B 20 pC/em?, A MR e, H AR
]34 %) 10 4ELA b, 5346, Lyu 46 67 F|J PLD 4ME
A KA Pt(20 nm) /Hf, 5710 50,(7.7 nm) /Lag 381 /3
MnO;/SrTiO5(26 nm)/(001)Si LAY P, {ERE] T
34 nC/cm?. Cheema %558 FIH ALD F2A B
#% T W) TiN/HE) ¢Zr),05(1 nm)/SiOy(2 nm)/
Si WM, Si0, J= 1T LI Bk AL ol I F IR i de {4 1 1o
73, Hig g7 5O W EAT B0 (0 2k i 79 1 h,
Xu A B FI FHBOE A8 I GF 3l IXCEOR ) 4% 1
Hfj 5Y 1209 ¢, PR RS A R T H
BREMERE.

Estandia % 0 78 — 2 %1 5 & % JIE (MgO,
NdScOj,, ThScO;, SrTiO; Al GdScO4 55) ik
A KT Pt(20 nm) /Hf, 571 50,(9.5 nm) /Lag /381y /5
MnO3(25 nm) ¥, #1587 IMER 5 HE, 521, ;04
BB OC R . B T RIS 1Y A% S ECR TR,
Hfy 5Zirg 5O WK SZ B S IS 09 29 oA A [R], 38 3 78
A s SRR S IR _EAE KR HE, 571 504 1) ol11
FH SR B2 BE3R . 7E ThScOy il GdScO; # ik - il &
) Hey 571050, ALY P, AE AT E] 25 pC/em? 5
Hb, DORE R b A DT AR BE | s | RS HLAM
AT — S B FEIR, AT R4 L M 81— S 1) 9 7
PRI,

AR HIO, i 5 0 BIF 9T U 1 AR K A i
EITAT IR 52 B 22 R 2 . 3l 5 TR 3 1Y
PR R i IR 5K 7, SR FHRAT IR ) A4 i
B R OR i A SUR I, 7T LA HEO, JEv I A
AEGSAIERHIE. I, 7 & HEO, JEpBmT, ik
PEHMEART AN PR JERE (110 nm) BYT7%, AT
AT EAT 1o B ) R B 4 ) R FL

3.3 XREMFHEAEHE HO, EHEER
2203

ST RE SN X HEO, HE 38 JI5 b oIIT AH % 2k it

PERERS % B EAE . HIO, SLT R P oI AH Y 1
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AE/NT m AL /N EAT B R LU RN, oIIT MEASAH
5 m M Z R 22800, olll M 75 ) 78
W R FREAALE. S TA3RIE Z 0 oIl AH,
TERRB/ N RS E | A ORI ARG 1 | BEAIRAR Sk
T EE S, SRR SR R LIS 3] olIL A B192-91),
it YRS T 85 ) 1 TR A R RS A S R, oI TT AH S
HR M2 5 H R H k.

Polakowski 4 [ #8224 HfO, F 5 ks ]
SHEUINGE AR TR BE 1S A Bl T s R Y gk
P, KB 6 nm R HFO, SRS P, 7 10 pC/cm?.
WE 5(a) FF R, Mittmann 25 99 fF 58 T PVD Bk
FALD 5] £ B9 A 6] 5 B2 R 48 2% HIO, Heli iy
BRra e, KB ALD il £ 1) HEO, 1Y 2P, B J5 5 1Y
BN IS/ B L PVD ORI HEO, PR 3 Al
REJZR O PVD UURL HEO, BT = A 1 402 0 Ak 25
BRBE 23 FEAIK oILL A Y H HrBE, f oIIl AHRBAE AR E .
A, X TIREB/NR KRB A HIO, W, T
R S8 A OCR, A HE Y o LT AH ki 5
I B i AL R k. Liao 4 PORI ] ALD
il % W (40 nm) /TiN(20 nm) /Hf, 5Zr, 505(12 nm)/
TiN(40 nm)/Si FLZ 2%, 8 i ¥ 6) ALD 98 BF Lk
/N Hify 521 505 B SRRLEAR, XT38 ok R R
13 nm i Hf, 5Zr, 50, B, H P, 2 20.5 pC/cm?,

24

&) RN STy W AN M DR = E2l Uy WE R R 7REEN &
S, AR A RIE S, BERSSCIL HEO,/ ZrO,
AN Z I FORURE A, AT 5 g A0 B P
P 197981 Shin 1 Sonl® % BLAE HAEAL K 7 nm Y
HfO, 2K i FPRIH BAT RAFHIERHLIE. Chen 450100
18 i R HL 7 B4R (piezoresponse scanning force
microscopy, PFM) RAE ik KT X4k L A7
ISR, R " FE ARG R . dag BEARLR ST B
BERE s NS, BLA R R ST BN, 2R L PR
PRI, HLEO. 3 14 2k P 1 B T L ok 9 42 YR
JE R AR R T R 5

el NS EE B2 b, mT L e A A AL 2
iR ] CSD J5 5K B 1k HEO, J 18 (1 Rz 1 K.
Kim %5000 @iid ALD #4 1 Pt(30 nm)/TiN(5 nm)/
Hfy 5Zr) 505/ Aly03/ Hiy 571 505/ TiN(50 nm)/SiO,/
Si LAY, WE 5(b) s, X4 Hf, 5Zr 50, A E
B 10 nm 413 40 nm BF, FRATA Al,O4 H1[H]
JZ B HEy 57, 50, B P AEM 30.7 pC/cm? 1K 2|
2.1 uC/em?. ik 5(c) Ui, XFMmA Al,O; H1[H]
IR Hiy 570 50, W, 2k ALPERE PR A5 E 1R 4L
Fe K, R A JE A RHBE 1k T HE 5Zrg 50, W5
H R A K, TR HE T /N AfRE ROST BORR P oIIT
FHAVIE . st H CSD J7 ik il & AR 5 2% HEO,

I (a) HfO9, ALD =4 MV/cm, S 30 (b) &30 He)
\E 20k & w  PVD=3MV/em \E \E il
§ .- g 20t E 20 f[
Q 6p ./ N 2 10} 2 10} P
< q12f 0 < = I‘f /
g Y \ g 0 g 0 fa
S ol % . g HZO 8 £ r 4
= Lo S 10 | — 10 am S —10f J # nzanz
S, . aALD650C g 3 Y iy S — 20 nm
E : .. -= PVD 800 C 5 20 30 om 5 —20 M — 30 nm
Sob o ] E wd wim] F o
5 10 15 20 25 30 35 40 —-4-3-2-10 1 2 3 4 —-4-3-2-10 1 2 3 4
Thickness/nm Electric field/(MV-cm™1) Electric field/(MV-cm™1)
1.0
O 40 + o — 0 nm AlLO;4 fe .
U @ ) (e) — i nm ALOS L 15T gt ®
— nm 2
5 of g 0.8 )Q —8um Ajl\;log g 10 | 3 pm A0
10 nm ALO:
2 —20f E% 0.6 | 20 nm ALO 2 5 nm Al
SooE /" 3> | === ¢
5 8 —_— g 0
5 40 ¢ g 04 3
£ 20} s . s -5 .
g = 30 nm TiN/ g 30 nm TiN/
= 0r 3 0.2t = nm Al,O3/ 'z —10 z nm Al,O3/
= —20f s 20 nm HZO/ Y 20 nm HZO/
-3 -2 -1 0 1 2 3 —10-5 0 5 10 15 20 25 —20-15-10-5 0 5 10 15 20
Electric field/(MV-cm~1) Voltage/V Voltage/V

B 5 (a) ALD F1 PVD il £ i HIO, WA 2P, 5B 56 R ) (b), (c) ANFEEIREAY (b) HE, 5Zrg 50, WA (c) Hfy 5Zry 50,/A1,05/
Hf,y 57150, VLMY P-E fZE10U; (d) 4x (HfO,(1 nm)/ ZrO,(1 nm)) WA 8 nm Hf, ;Zr) ;0 FHAMRRL P-E #iZE107; (e), (f) AlO5/
Hfy 571550, (20 nm) X2 H R ALOs JEERALE (e) C-VHI (f) P-V £ 10

Fig. 5. (a) Thickness dependence of the 2P, of HfO, films prepared by ALD and PVD.. P-E curves of the (b) Hfy 571 50, films and
(¢) Hfy5Zry 505/ Al,05/HE, 571 50, films with various thicknesses'!. (d) P-E curves of HfOy(1 nm)/ ZrO,(1 nm) x 4 nanolaminates
and the Hfy 571, ;05 solid solution'"”. (e) C-V and (f) P-V curves of Al,O3/Hfy 57150, with different Al,O4 thicknesses!'".
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THE RS JEE 3 7E 34136 num 8 ] P9 ERFE I L 0 A
Bk, HoiP Au/TiN/HfO,(136 nm)/TiN/Si (¥
W P AE 35 22.56 nC/em?. R R RE R,
W REAFE /NIRRT A R R L, 2 ol %
JERRAEIE R R A ML AN 58 4 o0 i A ok AR
KB = A SR A, BELAS T Ak ARG, (75 4
LAY RST I8N, RETRERG R T, 23 T olII AHIY AR
B 102103 CSD Jr ¥ Bk FH T 1 8 JH Al J5E B A K
1) HEO, FEZkHL i, Ltk HE, ,Ca, 0, Hf, Sr,
0,104, Hf, Pr, 0,19 Fl HE, ,Y,0, 5100,

HIO, H4k v 1 I 1 4R At 2 il 240, R
SN S HAR PR RE AT EEE A2 . HEO, /
ZrOy YA S 2 HA A BT A 48 07 (8 45 0 A
Weeks 2 107 F| ] ALD 7£ SiO,/Si 45§ _E 4351 i
#% T 4x(HfOy(1 nm)/ZrOy(1 nm)) Al Hf, ;Zr, 50,
(8 nm) [ AR, R A58 100 nm i
5 nm [ TiN H, BF5% HEO,/ZrO, R e L M
Xof Ve R JEE BE RN A5 A8 AR AL OC &R . Nl 5(d) i,
1 285 C UL 4% (HfO,(1 nm)/ZrOy(1 nm)) i#
JIE, LR PR IR - BOTAE B HE) 521 50, W, H:
K 2P (H A 50 uC/cm?, & T K H Hf, 71, 50,
[ v 1A i £ 19 8 m JE BE 11 HE, 571 50, W (39
uC/cm?). X Je i TAIAB HEO, I ZrO, (5= A
AT id R AN EN I N 6 O ALY 9 Ay N i
HEEFA TR A Ak 5 1081, JeAh, e RS A4 P R AR
HL /1 B Z S5 H 2 B2 m gk s R i Si
2009 3@ ALD il TiN(30 nm) /Al,O5/Hf, 571 5
0,(20 nm)/TiN(30 nm)/Si L& %%, #9557 ALO,
(R EERE X AlyOq /HE 5 Zr 504 WUZ IE IR AL TT 5 1
YER. 4niEl 5(e) FIIE 5(f) F7R, 16 Al,O3/HE, 571, 504
MR, ATRHIAREE ALO; JERE (4—20 nm)
FEE IR/, 24 ALO, JEEE A E] 20 nm, P-V il
RAVFHIE AT 2%, AR R v 2 ek L 2
S BOW R A PR IR Wang 45 110 5@ 3 ALD il
75 1 Au(45 nm)/Al,O5(1—4 nm) /Hfy 571,50,/ TiN
(170 nm) /SiO,/Si FLZ Y, WFFE T FHi R Bl Y
BT, BEER T Al,O4/HEy s Zrg 504 XUZ B5 Y £k i M
e, 24 ALO; JEEE 4 2 nm I, WA P, {H ik 5
16.2 uC/cm? Chen 45 MU 38 i 59 i A1,O5 S HL
JEITESEIL T SR AR, AlLO5/HE) 571, 50,
MUZ I F s, H PR 24 uC/em?. i
T HLZ RN 2 0 U BRI T RE B
[A], 7EAMHL TR A R AR L 2 ) i AT LA

*/D\% Eﬁ,ﬁ ZTOQ I%{%)%Xj‘ Hf0_5zr0_502 Zﬁﬂ%ﬁ@%ﬁ%
PEA R R 20 121 PR, T ST Rkon R T
RN HEO, i IE % Bk H M H 2 D

4 HfO, #% fE oy B A 282 i A
4.1 1T1C F0 1T ¥ B1FESE

A a8 Z BA DAL DRAM JRFERY
FEE, WS HENLAE U (static random acce-
ess memory, SRAM) [ =iz T &, I HARINFF
(NAND) ARFEAEBAT IR IE I T HOR BB IRAE(S .
(BRHES) g k) 131, HEO, JL4k d MR AT 5 CMOS
2R T kg | BRI C IR AR5 R
PESFIE 2R, M e R T AT B
AR, A R ve IRAL GE s A RS R R R
AIPRR. HEO, M EARIK P, MIHEEA CMOS
T ZAAVEIF SO0, TRk At T AT TR 19
IS FH i () B B TR R HFO, i s py /7
Z N HE W) Z 05, Hm i At as i 3
BURIZERE O 1T1C BUBR A it As 117 1T BBk L3
BN fh R4S (ferroelectric field effect transistor,
FeFET) M6 BAT AL /2R B 57 2 /il il = IR 4
I R L BEGE 45 (ferroelectric tunneling junction,
FTJ) 17,

wE 6(a) FiR, 1T1C HEIFEAERIGH 1 ML
e RO An AR A LA BR A B S AR L, BT
PZT SFE5 K0 BRI AY 1T1C At L &) iz
PO T 1T1C BYEKk A BEHLAFfift o (4 A2 3 2ok 1
BRHL LA AR 1Y B/ AR A 1 P 46 T S KA
1/0 B BAFRHIIRE. ZE— D07 0] BRthn 2k i
PSS A0 S 0 P, 8 R S Ky, SRR R R A B R
el 5 ke 37 07 1) — 2, ke AR, U
it (5 B 17 AR AL 5 kb B 375 05 ) AH
R B AL B O ST R RS Dk L 3, A
fif {5 50 “07. 1T1C FAff as TR IR0 R B 2 )
FURR R R AL B O BAFAR B e (5 B UiE o <17,
X IR IBCEAE , PAI T 52— S 1] f) F, s Jok
MR E B EETIR A B <07, BITEEE 2 YR R bk A

i, 1T1C fEfiide i THE R T A&, I
2 FEA IR 5 A T P R T L Y T Y Y
TR ), s Gk e H TR F A Bk R A7
a1, SERTEk A o & R 2 Bk
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Fig. 6. (a) Structure diagram and (b) SHMOO plot of a 1T1C ferroelectric random-access memory?!); (c) schematic diagram of

planar ferroelectric field effect transistor and (d) the transfer characteristic curve of FeFET device with upward and downward po-

larization!'??); (e) structure diagram of fin field-effect transistor; (f) the transfer characteristic curve of HfO, ferroelectric fin field-ef-

fect transistor 123,
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Fig. 7. (a) Energy landscape of a ferroelectric capacitor '*7; (b) effect of negative capacitance on the subthreshold (SS) slope of the
NC-FET!; (c) device architecture of AlyOs/Hf);Zrys0,TiN/Si NC-FET!®); (d) device architecture of HfO,/TiN/Hfy5Zr 5

0,TiN/Si0,/Si NC-FET!12],
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Fig. 8. (a), (b) FTJ structures with low or high barrier potential states (i.e. & or &*)32. Resistance of Au/Hfy 71,50,/
Lay 3511 sMnO3/NSTO FTJ as a function of (c) pulse voltage V,, and (d) polarization switching cycles!'®). () Tunneling current
value of TiN/Hfy5Zr);0,/W FTJ after different polarization switching cycles!®!. (f) Tunneling current density of W/Hf,sZr;,0,

(1 nm)/SiO,(1 nm)/Si FTJ after polarization switching cycles!'*].
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Fig. 9. (a) Schematic illustrations of biological synapses and action potentiall’¥7. (b) Sketches on how a FeFET based synapse

device; (c) synaptic weight as a function of time (At), showing a biological STDP behavior!*!l. (d) Schematic device structure of the

photonic synapse and optical responses; (e) the synaptic weight as a function of relaxing timel'?..
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Fig. 10. P-E curves of (a) linear dielectric, (b) ferroelectric, and (c) antiferroelectric materials, where P represents the polarization of
the material, E represents the applied electric field and the blue area represents the energy storage density of each material /.
(d) P-E hysteresis loops and (e) energy storage density of Hf,Zr, Oy (z = 0.1-0.4) thin films®?.

# 2 UM HEO, B SR i 5 Al ULAT R R REYE fE

Table 2.  Energy storage performance of some HfO, based antiferroelectric film and other common materials.

ot E3ii| JEREE /nm Mg/ (MV-em™!) ESD/(J-cm™®) n/% Ref.

Hfy 57150, RHL 9.2 4.9 55 57 [22]
TayO5/Hf 521 50, ArHL /R 25 7 100 >95 [148]
) 5Zro 504/ Hf) 95710750, NG 10 6 71.95 57.8 [149]
Hiy 32970, SR, 9.2 4.35 45 51 [22]
Si:Hfy 571 50 SR 10 4 53 82 [147]
ALHf) 5 7r) ;05 SH 10 5 52 80 [147]
La:Hfy ;71 50, SR 10 4 50 70 [53]
Al,O4 &t 5 — 50 — [150]
BiFcO, e ~40 — 3.2 — [146]
BaTiO, BRHg, ~ 300 2.6 28.5 75 [145]
Pb(Zr 5,Tig.45)O5 e 350 1.13 15.6 58.8 [151]
La:PbZrO, SR 10° 1 17.3 80.8 [152]
PVDF-HFP Ry 10 7.9 31.2 — [153]

ESD 3 5 A5 sk 2k . (54801 BaTiO; £k Sig.0409 SERHLHIAE 4 MV /em HU4MF FH ESD
FMPEHE 2.6 MV /cm HL7 T ESD 5% 28.5 J-cm ™, KF 53 J/cm?, o~ 82%, i i B A B 3738
n ik F 75%045], BiFeO, 3 ix 2 B 1 32 Ik 9 ESD AR H ESDIYY. [ARE, Al La $B4%19 HE,
(3.2 J/cm3)146], ffif BiFeO, i ESD ] i@ i #54% Zn Zry 50, WMt B 1 S Ak LM B, AT EL AT R4
1 Ti B TFHEE]~ 10 J/cm?. Si B84=1) Hf, 471 46 Y it BE R 1471481, 2019 4F Hoffmann 45 (4815 2k
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S 049 SR A ALD R4 1 TiN(20 nm)Hf, 5Zrg 5
Oy(1 nm) /Hf} 9571 7505(9 nm) /TiN(50 nm) L 2
FRSE A6 Y L 25 4%, 76 SCBR L HE) 9571 7504 il TIN
FLA 2 [8]5 | A T B HE, 571 50, BRHERE T
FkH, HEy 95710 7505 JE I T 4, ESD Fik 71.95
J/em?, nikF] 57.8%.

BT R SRR AR, HEO, HE 5 7E Hofth £
ANGURALA Tz BN FHEO G N AT S, b anan
T 6771, 1) fE8 MOSFET H 4% Si0, Hir
BRI A AR, SR A R T AEH 16 49K
FH NAND (AR R T & ) HEO, i
VE S 218140 H 5T 154, 2) 5 k1 HEO, By A 1
SRR R R L S R T2 B T M. 3) s A 4
BRALR AL, HEO, FHEi I 1% Fi BHL T e 2k i I 1) B
KB ALYTY, A] LLSRIBCEAT WUa) i 2 ] 38 PE R 24
L BHAR A, I BEL 2% RE % S 30 2 A F At 1 R e e
PE, BA N T 2 BAF % 17 J1 199 4) Schenk
S5 100 {238 1 pum JEERY La:HEO, 1R HLH B dys 24
A 7.7 pm-VL R L N AR X AT LR B ik
K, (it R R U A AL R L FIME A o
PRI R JE. 5) HEO, J i IR ELA A mi i HURE L R 4L
(~40—84 nC-m 2K '), ik BEASfL AT, 3@ o PR
HL KON RE A% 7 A S U, SRR, AR R —
AN BT L AT 5 5 A F R A T A0 B, PRI
AT DAN T HORE L L1 AME B BY. 6) L1 51
B i B R FRHAZ RO AEAE A HEO o B BEAE: 31 285
VAR FH AL BT I 5 | 7. Rk e SR FH AR A/
IR A AR A AT 3 S T DL SR 2R E R, B
UL RN . HEO, HE i B 7Y [ 24 v 4 IR
RESRZ), S5Ha MR, 7.0 BAR Gl S A
RO 2,

5 REFMFRTEE

HFO, F4%k A AR 9 2k L e U5 R O X R Y
olll #H, 1H olIl ZkHL A2 WARZ. Zr, Si, Al, Gd, La
Ml Ta B AonRimd s m 5 85 72 M K
AR SR ZE R XTRRE, (5 HEO, AR A5 ey 1) 2k Ha 78l

Al 51 TE & 48 25 7 BB AT LARE AR oI1L 41
M m A Z R AHAR A 322, A m AR 25 %) ) olIT
FAEEAS | Job I FTHL BT HEO, HE B 1 1 10 7 fiE
AERSAE ol 1T 4R FELAH . 3 o Jal/ NS JREE | A At 4ok
JEAREEA FNRRARIR SR T AR AE olIT AH. #kH
Tt 25 R0 P FhL F 2 A T 1R I A AR bR 265 5
PEHE 1/0 W15 BAEAE. 1T1C 7245 282 H i —
R AE AR, A TS S 35
it 10" YR AA0E % B e AR AL, LB R R IR
BURE B 5 A MG B 1T Bl A 2 2o JEmaR vk
TEIURN 25 %% BE AP P RO 3. kel £ B 2 A AR A R
FHAHL 280N A48 T KT 60 mV /dec 17 B {E 15
W, AR R b RIS T 2 AR S P DA, A SR
R4 RS Bk — 25 40 /MR T — AL S i g oy
2. FT 38 2 2k Fi A b o B o) s 34 2 v 3 R i 2
HLUE, MRS G, B HA RSP/ 5 T4
A A AN, JET HIO, JL 2k v 3 5 114 37 5800
AR IR0 U T 2B ST, 24 HEO, Ll
A RO m e, A A re Ty i B 42
SR | AE IR I 2 B S A LS. A, HEO, LA
VE A A B2 © 276 3020 7 FH A A v B
1R Si0, M 5T, HEO, 5 8 AR 7E HL 25 2 4 HL A 7
TCRAAS . R AR AR S 2 B EAT) iz
1) o7 FH 5

SR, T HEO, JE IR 2 S 30 & 5 ) 5
20 TR, TG AR LA kAR

55—, Bk HL I ASORE A 4% A A PR HEO, Bt
B L R R T P AR5 e A O, J5 v R 0 4k
F A — N AR AR, VAR R Gk E A B A7 A
A S Z AEF R VGR. tan, BRI
D RIFRIEAZS Fh 2R Pea2, FH2 HIO, Wi R4k e
PERIFLIR, SRITTWA AR PRI AR 23 [ BE Pea2,
F Pmmn2) XA TE S5 PR AR 2. ok, AL
N7 R s R 2R R 5 4 4%, AFE Bt 1f 2 e vt B ) S
| R TR AR o9 VA e o DK = Ko WVANR & 287 Y 1
G Y B ] RE SRR RE T 4548, A <st)27 i
T 2k P W 1 TR 7 5. AR Ny P L 3UAR I, G 5
X TR () R B2 ) O A TR ABFIE A
REZE M HEO, JEs (/= AL HE AR I, LAk, 544
FR AT Fit 38 Ao 5 TR B PN 0 A5 SR B2 2% T A AR FH ok
PR HEO, WAk AR, H2 H HL AR/ AL
ANTE B, XA RRE T A — 2 Y TR

0, SRS ES R A Ak A L,
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HfO, R4k i B LA AR 47 1) CMOS T 234,
{H HIO, K8k i I 5 1 A A CMOS T.20JF
ANSELHEEE. HAl e Si bR bAEK & fa
1) HEO, 8k H i BEAT A7 7E Pk k. 9 4n, HEO, i
Si Z B S IfT i A 2. R R Ry AR K e A
JE AL ER IR K T2 i JR T4 5 kAR AL,
FEEE HIO, Wi EF Si o i 2 [6] i L T2 B0 ik
FRERZ . &R TR LI K HEO, JZ2 B 45 . Xt
02 2% 1) S T8 )22 77 A A 5 B 2 P ey 1T B R AT L v
FaE e, Ah, HRTEET ALD BAR A K 3 5 il
A i FLAETUR i v it 7™ A% 43 B 45 AT R A 5 3
TR A A P 0 L 8 A T AR 3 82 P K.
W= BTRTEILE I 1T 454919 FeFET 16k
i IS YR X LAl A2 SR N FH K. R LA
FR35 95 11 b RS A T /NI e A R B0
BB HRTVEZ 05T 3R W A A AR 3 30
FeFET #5497 57 9 LR Z —, SR A(TXT
TAFVE AN A e TR TR HEO, HE 4k Ao, 7o 3 i A5
o AT R — A TR, AL AR5 SR A 2
%E@}Fé&ﬁﬁﬁ%ﬂiﬁ%ﬁ 77 L 3850 P A ARSI B A B
S0, HEO, FE 85 7E R H 50 R AR L A
ST ELA R R, HEO, JEH I B B )
Ui HL P RE, 3R N — U kG BE 4R L R
Gras b WESRFTEN | S AR I A% L IR AR A AL
TN KRR AR RE. IS, 7 HEO, M B
Z2WEZ 40— 84 pC-m 2K 5 [l Y B9 $OBE L R %
X5 e PERE VB L AR BR AT 2, W] R T AR L
HME RS . AR TG 248 2, B 58k sl
M EHETT ) 226G K H, HEO, KL
AIRKRI T2 MEREBUAE A 2 I A A
g s
S, HEO, LR Sy — BT Lk i v A
B, BEE DS RA, BERFE B AR
KAYEH, Ak isgmis) .
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films
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Abstract

The rapid developments of big data, the internet of things, and artificial intelligence have put forward more
and more requirements for memory chips, logic chips and other electronic components. This study introduces
the ferroelectric origin of HfO,-based ferroelectric film and explains how element doping, defects, stresses,
surfaces and interfaces, regulate and enhance the ferroelectric polarization of the film. It is widely accepted that
the ferroelectricity of HfOy-based ferroelectric film originates from the metastable tetragonal phase. The
ferroelectricity of the HfO,-based film can be enhanced by doping some elements such as Zr, Si, Al, Gd, La, and
Ta, thereby affecting the crystal structure symmetry. The introduction of an appropriate number of oxygen
vacancy defects can reduce the potential barrier of phase transition between the tetragonal phase and the
monoclinic phase, making the monoclinic phase easy to transition to tetragonal ferroelectric phase. The stability
of the ferroelectric phase can be improved by some methods, including forming the stress between the substrate
and electrode, reducing the film thickness, constructing a nanolayered structure, and reducing the annealing
temperature. Compared with perovskite oxide ferroelectric thin films, HfO,-based films have the advantages of
good complementary-metal-oxide-semiconductor compatibility and strong ferroelectricity at nanometer
thickness, so they are expected to be used in ferroelectric memory. The HfO,-based 1T1C memory has the
advantages of fast reading and writing speed, more than reading and writing 10'? times, and high storage
density, and it is the fast reading and writing speed that the only commercial ferroelectric memory possesses at
present. The 1T ferroelectric field effect transistor memory has the advantages of non-destructive reading and
high storage density. Theoretically, these memories can achieve the same storage density as flash memory, more
than reading 10'° times, the fast reading/writing speed, low operating voltage, and low power consumption,
simultaneously. Besides, ferroelectric negative capacitance transistor can obtain a subthreshold swing lower than
60 mV/dec, which greatly reduces the power consumption of integrated circuits and provides an excellent
solution for further reducing the size of transistors. Ferroelectric tunnel junction has the advantages of small
size and easy integration since the tunneling current can be largely adjusted through ferroelectric polarization
switching. In addition, the HfOy-based field effect transistors can be used to simulate biological synapses for
applications in neural morphology calculations. Moreover, the HfOy-based films also have broad application
prospects in antiferroelectric energy storage, capacitor dielectric energy storage, memristor, piezoelectric, and
pyroelectric devices, etc. Finally, the current challenges and future opportunities of the HfOy-based thin films
and devices are analyzed.

Keywords: HfO,-based films, ferroelectric polarization, ferroelectric memory
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